Abstract. The present study was performed to investigate the effect of Huaiqihuang (HQH) on hyperglycemia (HG)-induced mitochondrial dysfunction and endoplasmic reticulum (ER) stress in MPC5 podocytes. The effects of HQH and HG on cell viability were assessed using an MTT assay. mRNA and protein expression levels were evaluated using reverse transcription-quantitative polymerase chain reaction and western blot analysis, respectively. Cell apoptosis was assessed using terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling, whereas reactive oxygen species production and alterations in mitochondrial membrane potential were assessed using flow cytometry. DNA damage was evaluated using a comet assay. The results demonstrated that treatment of podocytes with HQH markedly suppressed the HG-induced generation of reactive oxygen species. HQH also significantly improved mitochondrial membrane potential in podocytes exposed to HG. When the podocytes were treated with HG, Ca 2+ levels were significantly increased, compared with those in the control group, whereas treatment of the podocytes with HQH significantly reversed the HG-induced upregulation of Ca 2+ secretion. Treatment of the podocytes with HQH significantly reversed the HG-induced upregulation of glucose-related protein 78 (GRP78) and C/EBP-homologous protein, which were used as indicators of ER stress. Furthermore, GRP78 loss-of-function attenuated HG-induced podocyte dysfunction, including cell apoptosis and DNA damage. In conclusion, beneficial effects of HQH on HG-induced MPC5 podocyte dysfunction were observed, and occurred through the suppression of mitochondrial dysfunction and ER stress.
Introduction
Diabetic nephropathy (DN) is an important endocrine metabolic dysfunctional disease and the leading cause of end-stage renal disease worldwide (1) . Increasing evidence indicates that injury, detachment, apoptosis and loss of podocytes are observed in humans with DN and in DN animal models (2) (3) (4) . Podocytes are key in maintaining the integrity of the glomerular filtration barrier, together with mesangial cells, and have been reported to be important for the progression of diabetic kidney disease (5) . In patients with type I and II diabetes mellitus, the density of podocytes is significantly reduced in those who have had the diabetes for a short duration prior to the onset of microalbuminuria (6) . A correlation between the rate of albumin excretion and the reduction in podocyte number has been demonstrated in rats with streptozotocin-induced diabetes mellitus (7) . In addition, high glucose (HG) provokes adhesion capacity and phenotypic alterations in cultured podocytes (8) . Taken together, these data indicate that podocyte injury is closely associated with hyperglycemia. Although there is considerable evidence suggesting that chronic hyperglycemia is the primary cause of podocyte injury, the underlying molecular mechanisms of hyperglycemia-induced podocyte injury remain to be elucidated.
Endoplasmic reticulum (ER) is a central organelle engaged in lipid synthesis, protein folding and maturation (9) . A variety of toxic insults, including hypoxia (10), glucocorticoids (11) and HG (12) , can disturb ER function, and result in ER stress. There is increasing evidence that ER stress is crucial in the regulation of apoptosis (13) , with a previous study reporting that ER stress is triggered in angiotensin II-treated podocytes (14) . In addition, palmitate induces ER calcium depletion and apoptosis in mouse podocytes following mitochondrial oxidative stress (9) , and HG induces the apoptosis of podocytes through ER stress in vivo and in vitro (15, 16) . These results suggest that ER stress is involved in the pathogenesis of podocyte dysfunction and is being recognized as an emerging target for DN therapy.
Huaiqihuang (HQH) is predominantly composed of Trametes robiniophila Murr, Fructus Lycii and Polygonatum sibiricum, and has been widely used for the treatment of primary nephrotic syndrome (17) . In renal tissues of rats with adriamycin-induced nephrosis, HQH can maintain the integrity of the slit diaphragm in podocytes, alleviate lesions of the glomerular filtration membrane, and decrease proteinuria by upregulating the expressions of nephrin and podocin (18) . However, the protective effect of HQH in hyperglycemia-induced MPC5 podocyte dysfunction remains to be fully elucidated. To the best of our knowledge, the present study is the first to attempt to determine the protective effect of HQH in hyperglycemia-induced MPC5 podocytes. The data provided evidence that HQH attenuated hyperglycemia-induced reactive oxygen species (ROS) generation and ER stress in MPC5 podocytes.
Materials and methods
Cell culture. MPC5 podocytes were obtained from the Cell Resource Center, Shanghai Institutes for Biological Sciences (Shanghai, China), and maintained in RPMI-1640 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% FBS (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in a humidified incubator (Thermo Fisher Scientific, Inc.), 5% CO 2 , 95% air atmosphere. RPMI-1640 medium containing high glucose (HG; 30 mM D-glucose) or normal glucose (5 mM D-glucose) was used.
Cell viability detection using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
The proliferation of MPC5 podocytes (1x10 5 ) was monitored using an MTT Cell Proliferation/Viability Assay kit (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer's protocol.
Caspase-3 activity. Activity of caspase-3 was determined using the caspase-3 activity assay kit (cat. no. C1116; Beyotime Institute of Biotechnology, Haimen, China), according to the manufacturer's protocol. Briefly, ~1x10 6 cells were incubated for 30 min at 0˚C in 2 ml of lysis buffer, containing 25 mM Hepes, pH 7.5 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 5 mM EDTA (Sigma-Aldrich; Merck KGaA), 1 mM EGTA (Sigma-Aldrich; Merck KGaA), 5 mM MgCl2 (Thermo Fisher Scientific, Inc.), 10 mM Sucrose (Thermo Fisher Scientific, Inc.), 5 mM dithiothreitol (DTT; Sigma-Aldrich; Merck KGaA), 1% 3-[-(3-chloramidopropyl) dimethylammonio]-1-propanesulfonic acid (CHAPS; Sigma-Aldrich; Merck KGaA), protease inhibitor cocktail (10 µl/ml; Sigma-Aldrich; Merck KGaA), and 1 mM PMSF (Sigma-Aldrich; Merck KGaA). Cell lysates were freeze/thawed three times and centrifuged at 12,000 x g for 60 min at 4˚C. The supernatants were collected and incubated with caspase-3 substrate in PBS for 2 h at 37˚C. The release of p-nitroaniline was measured at 405 nm using an ELISA reader (MD SpectraMax M5; Molecular Devices LLC, Sunnyvale, CA, USA) according to the manufacturer's protocol. The results indicated the percentage change in activity compared with the untreated control.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) assay. Quantitative assessment of the apoptotic cells was performed using the TUNEL method, which examines DNA-strand breaks during apoptosis, using a BD ApoAlert ™ DNA Fragmentation Assay kit (BD Biosciences, Franklin Lakes, NJ, USA). The cells were trypsinized, fixed with 4% paraformaldehyde for 30 min at room temperature and permeabilized with 0.1% Triton-X-100 in 0.1% sodium citrate for 5 min at room temperature. Following washing with PBS three times, the cells (1x10 5 ) were incubated with the reaction mixture for 60 min at 37˚C. The cells were immediately analyzed using FACScan flow cytometry and the CellQuest ™ software version 5.1 (BD Biosciences).
Measurement of ROS.
The generation of ROS in cells was evaluated with a fluorometric assay using intracellular oxidation of dichlorodihydrofluorescein diacetate (DCFH-DA). The cells (2x10 6 ) were incubated in a 6-well plate for 24 h at 37˚C for stabilization, and were then detected and analyzed using flow cytometry (BD Biosciences.).
Measurement of H 2 O 2 , malondialdehyde (MDA) and permea
bility. An Amplex Red assay (Thermo Fisher Scientific, Inc.) was used to measure H 2 O 2 levels, which were measured at an excitation wavelength of 560 nm and emission detection wavelength of 590 nm using an ELISA reader (MD SpectraMax M5; Molecular Devices LLC) according to the manufacturer's protocol. A Biochemical Analysis kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used for the measurement of MDA, according to manufacturer's protocol. The permeability of the podocytes was measured, as described previously (19) .
Detection of Ca
2+ concentrations. The MPC5 podocytes were plated and treated in 12-well plates, and were incubated to detect changes in Ca 2+ levels. The cells were harvested and washed with PBS twice, and resuspended in Indo 1/AM (3 µg/ml) at 37˚C for 30 min, followed by analysis using flow cytometry (BD Biosciences).
Determination of mitochondrial membrane potential. The mitochondrial membrane potential was assessed using a fluorometric probe (DiOC 6 ; Molecular Probes; Thermo Fisher Scientific, Inc.). Briefly, cells (2x10 6 ) were plated in 6-well culture dishes. On reaching confluence, the cells were treated with HG (30 mM) or HQH (0, 0.2, 1 or 2 mg/ml) for 24 h at 37˚C. Following incubation, the cells were stained with DiOC 6 (40 nM) for 15 min at 37˚C. The cells were then collected, washed twice in PBS and analyzed using FACScan flow cytometry (BD Biosciences).
Small interfering RNA (siRNA) transfection. The siRNAs against glucose-related protein 78 (GRP78) and scrambled siRNA were obtained from GE Dharmacon (Lafayette, CO, USA). The cells (1x10 5 ) were transfected with the siRNAs (at a final concentration of 100 nM) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific. Inc.) according to the manufacturer's protocol. Sequences of the siRNAs used were as follows: si-GRP78, sense 5'-AAG GUU ACC CAU GCA GUU GTT-3', antisense 5'-CAA CUG CAU GGG UAA CCU UTT-3'; and scrambled siRNA, sense 5'-UUC UGC GAU GCU GUC ACG UAT-3' and antisense 5'-ACC UGA CUC GAU CGC AGA AAT-3'.
Comet assay. Briefly, fully frosted slides were precoated at each end with 100 ml of 0.8% agarose in PBS (pH 7.4), covered with a 22x22 mm glass coverslip and left at room temperature for 20 min. Subsequently, 30 ml of the cell culture was mixed with 70 ml of 1% low-melting point agarose in PBS and maintained at 42˚C on a dry-bath incubator. The mixture was immediately spread onto each end of a precoated slide and covered with a fresh glass coverslip. Images of the comets were captured with an Olympus microscope (Olympus Corporation, Tokyo, Japan) equipped with a CCD camera connected to the fluorescent microscope.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RNA extraction from the MPC5 podocytes was performed using TRIzol ® reagent according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was reverse transcribed into cDNA, using a 20 µl reaction mixture containing 4 µg of total RNA using M-MLV Reverse Transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.) and oligo dT (15) primers (Fermentas; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The first strand cDNAs served as the template for PCR. The reaction mixture (25 µl) included 12.5 µl iQ ™ SYBR-Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA), 1 µl cDNA, 300 nM of each primer, and diethyl pyrocarbonate-treated water to a final volume of 25 µl. PCR was performed using a DNA engine (ABI 7300; Thermo Fisher Scientific, Inc.). Amplification conditions were as follows: Initial denaturation at 95˚C for 3 min, followed by 30-40 cycles of denaturation at 95˚C for 15 sec, annealing at 56˚C for 20 sec and extension at 72˚C for 20 sec. PCR was performed using the following primers: Nephrin, forward 5'-AGC TCG TGT CTC CCA GAGT-3', reverse 5'-CGT TCA CGT TTG CAG AGA TGT-3'; GRP78, forward 5'-AAC CCA GAT GAG GCT GTA GCA-3', reverse 5'-ACA TCA AGC AGA ACC AGG TCAC-3'; C/EBP-homologous protein (CHOP), forward 5'-CCA GCA GAG GTC ACA AGC AC-3', reverse 5'-CGC ACT GAC CAC TCT GTT TC-3'; and GAPGH, forward 5'-GGT GGA GGT CGG GAG TCA ACG GA-3' and reverse 5'-GAG GGA TCT CGC TCC TGG AGGA-3'. Relative expression levels of the target genes were normalized to GAPDH, using the 2 -ΔΔCq method (20) .
Western blot analysis. The MPC5 podocytes were homo genized in NP-40 buffer, followed by 5-10 min boiling and centrifugation at 12,000 x g for 10 min at 4˚C to obtain the supernatants. Protein concentrations were determined using the Bicinchoninic Acid kit for Protein Determination (cat. no. BCA1-1KT; Sigma-Aldrich; Merck KGaA). Statistical analysis. The data from experiments are reported as the mean ± standard deviation for each group. All statistical analyses were performed using GraphPad Prism software version 4.0 (GraphPad Software, Inc., La Jolla, CA, USA). Inter-group differences were analyzed using one-way analysis of variance, followed by a post hoc Tukey's test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

HQH protects against HG-induced podocyte apoptosis and dysfunction.
To investigate the potential apoptotic effects of HG in podocytes, the present study first examined the effect of HG on cell survival using an MMT assay. The podocytes were treated with 30 mM HG for various periods of time, and the results showed that HG reduced cell viability in a time-dependent manner, compared with that of the control group (Fig. 1A) . Determination of the cytotoxic effect of HQH was imperative prior to further experiments. The viability of podocytes following incubation with different concentrations of HQH for 24 h was determined using the MTT assay. The podocytes retained almost the same viability when exposed to HQH at concentrations of 0-2 mg/ml, whereas concentrations of HQH >20 mg/ml markedly altered cell viability (Fig. 1B) . Therefore, concentrations of HQH <2 mg/ml were suitable for the selective pharmacological action of the drug without any interference of normal cell function. The podocyte protein, nephrin, is essential for maintaining the filtration barrier of the kidney and preventing albuminuria (21) . As shown in Fig. 1C and D, the results indicated that, compared with the NG-treated group, HG treatment of podocytes exerted a marked decrease in the mRNA and protein levels of nephrin, whereas HQH at concentrations of 1 and 2 mg/ml significantly reversed this effect. Subsequently, TUNEL staining was performed to examine the effect of the downregulation of HQH on podocyte cell apoptosis, and the percentage of TUNEL-positive (apoptotic) cells was calculated. As shown in Fig. 1E , the percentage of apoptotic cells induced by HG decreased when the podocytes were exposed to HQH at concentrations of 1 and 2 mg/ml.
HQH inhibits HG-induced ROS and mitochondrial dysfunction in podocytes.
The effects of HQH on HG-induced ROS and mitochondrial dysfunction were determined in podocytes (Fig. 2) . To identify the role of ROS in podocyte injury, ROS concentrations were measured by flow cytometry using DCFH-DA. Compared with untreated podocytes, treatment with HG caused a significant increase in intracellular ROS generation. Treatment of the podocytes with HQH at concentrations of 1 and 2 mg/ml markedly suppressed the HG-induced ROS generation ( Fig. 2A) . In addition, treatment of the podocytes with HQH significantly reversed the HG-induced upregulation in the production of H 2 O 2 (Fig. 2B), permeability (Fig. 2C) and MDA (Fig. 2F ) in podocytes. To further examime whether HG-induced cell apoptosis was mediated through mitochondrial dysfunction, the present study determined mitochondrial membrane potential using the mitochondria-sensitive dye, DiOC 6 , with flow cytometry. As shown in Fig. 2D , treatment of podocytes with HG led to the loss of mitochondrial membrane potential, compared with that in the control group. HG in combination with HQH significantly improved mitochondrial membrane potential in the podocytes. The effect of HG on the mobilization of Ca 2+ was then assessed. When podocytes were treated with HG, the Ca 2+ levels were significantly increased, compared with those in the control group, however, treatment of podocytes with HQH significantly reversed the HG-induced upregulation of Ca 2+ (Fig. 2E) .
HQH inhibits HG-induced GRP78 and CHOP in podocytes.
GRP78, an important molecular chaperone localized in the ER, is used as an indicator of ER stress (22) . Compared with untreated podocytes, GRP78 was increased in the HG single treatment group, at the mRNA and protein levels ( Fig. 3A  and B) . Previous studies have demonstrated the importance of CHOP in ER stress-induced cell death (16) . Consistent with this, HG treatment in the present study resulted in a significant increase in the mRNA and protein expression of CHOP in podocytes ( Fig. 3C and D) . These results demonstrated that ER stress was activated in the HG-treated podocytes. Of note, treatment of the podocytes with HQH significantly reversed the HG-induced upregulation of GRP78 (Fig. 3A and B) and CHOP ( Fig. 3C and D) .
GRP78 loss-of-function attenuates HG-induced podocyte dysfunction.
To further investigate whether HG-induced podocyte dysfunction occurred due to the activation of GRP78, GRP78 siRNA was used. The transfection of podocytes with GRP78 siRNA specifically inhibited the expression of GRP78 (Fig. 4A ). In addition, GRP78 siRNA reduced the HG-induced upregulation of caspase 3 ( Fig. 4B ) and the protein expression of cleaved-caspase3 in podocytes (Fig. 4C) . Furthermore, GRP78 siRNA inhibited HG-induced cell apoptosis (Fig. 4D) . DNA damage has been found in podocytes with induced injury (9) . In the present study, the tail length in the HG-treated group was markedly longer, compared with that in the control group. However, the tail length was significantly suppressed by GRP78 loss-of-function (Fig. 4E) . These results suggested that GRP78 loss-of-function alleviated the podocyte dysfunction induced by HG.
Discussion
In the present study, it was determined that cell viability and the expression of nephrin decreased in cultured podocytes exposed to HG (30 mM) . The results also demonstrated that HG induced ROS generation, mitochondrial dysfunction and ER stress in podocytes. Simultaneously, HG treatment resulted in a significant increase in the mRNA and protein expression of GRP78 and CHOP in podocytes. HQH was found to reverse HG-induced ROS generation, mitochondrial dysfunction, ER stress and the upregulated expression of GRP78 and CHOP, and GRP78 loss-of-function alleviate the podocyte dysfunction, which was induced by HG. It was concluded that HQH may act as a potential therapeutic drug for HG-induced podocyte dysfunction. Mitochondrial dysfunction has been implicated in several major diseases, including glomerular diseases (23) . Mitochondria maintain cellular redox and energy homeostasis, and are a major source of intracellular ROS production. Mitochondrial ROS accumulation may contribute to stress-induced mitochondrial dysfunction and apoptosis, and thereby to glomerulosclerosis (24, 25) . Previous studies have indicated that elevated levels of saturated free fatty acid are harmful to mouse podocytes following mitochondrial oxidative stress (9) . Aldosterone-induced injury has been found to decrease the expression of peroxisome proliferator-activated receptor-γ coactivator 1α, and induce mitochondrial and podocyte damage in a dose-and time-dependent manner (26) . These results suggest that mitochondrial dysfunction is involved in toxin-induced podocyte dysfunction. Two major events have been reported in apoptosis involving mitochondrial dysfunction. One is the alteration in membrane permeability and the subsequent loss of membrane potential; the other is the release of apoptotic proteins, including cytochrome c, from the intermembrane space of mitochondria into the cytosol (27, 28) . In the present study, it was found that treatment of podocytes with HG induced the loss of the mitochondrial membrane potential. However, HQH significantly improved mitochondrial membrane potential in HG-induced podocyte mitochondrial dysfunction. When the podocytes were treated with HG, the levels of Ca 2+ were significantly increased, compared with those in the control group, whereas treatment of podocytes with HQH significantly reversed the HG-induced upregulation of Ca 2+ . The ER is critical in controlling the fate of cells and is a dynamic organ elle responsible for multiple cellular functions (9, 16 ). An increasing number of studies have demon strated that ER stress is key in the pathogenesis of podocyte dysfunction (9, 11, 29) . In diabetic rats, ER stress-induced podocyte apoptosis has been found to be associated with upregulation of the mRNA and protein expression levels of GRP78 (30) . Palmitate can induce podocyte apoptosis via ER stress, and the expression of GRP78 is significantly increased when exposed to palmitate (31) . GRP78, a 78 kDa glucose-regulated protein, is a major ER chaperone, which is critical in regulating ER, and its upregulation has been suggested to increase the capacity to buffer stressful insults initiating from ER (13) . In the present study, GRP78 was increased in the HG single treatment group, at the mRNA and protein levels. Treatment of podocytes with HQH significantly reversed the HG-induced upregulation of GRP78. In addition, treatment of podocytes with HQH significantly reversed the HG-induced upregulation of CHOP. CHOP is a nuclear protein, which forms stable heterodimers with C/EBP family members and is induced in response to ER stress (32) .
In conclusion, the present study demonstrated that HG was able to exert mitochondrial dysfunction and ER stress in podocytes. The results showed that HQH suppressed HG-induced cell apoptosis, mitochondrial dysfunction and ER stress in the podocytes. These findings provide a novel explanation for the direct anti-apoptotic effects of HQH, which may have a potential protective effect against HG-induced podocyte dysfunction.
